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quantitative , rather than qualitative , both clusters having the following

properties which are directly comparable with the band structures and measured

physical properties of ferromagnetic ct-iron :

(1) The Fermi level of each cluster passes through the center of the manifold

of minority-spin d-leve ls , which is similar to the intersection of the

Ferm i level with the minority -spin d-band of ferromagnetic ct-iron [39].

(2) The combined density of levels for each cluster is qualitatively similar

to the density of states for ct-iron deduced from photoemission spectra

[40]. In particular , the density of states for Fe15 is in better quanti-

tative agreement with the photoemission data [40] in regard to bandwidth

than is the density of states derived from band-structure calculations [39]

for crystalline iron, suggesting that the cluster spin orbitais are a

more realistic description of the initial states of photoemitted electrons

than are delocal ized Bloch states.

(3) The magneton numbers per atom are 2.9 and 2.5 for Fe9 and Fe15,
respectively, suggesting convergence to the 2.2 value characteristic

of ferromagnetic a-iron . The SCF-Xct results for successively smaller

iron clusters, such as Fe8 and Fe4, ind icate convergence to larger values

of the magneton number approaching the atomic limit.

(4) The partial-wave decomposition of the Fe9 and Fe 15 cluster spin orbitals

indicates that the contribution of the 4s—l ike orbitais to spin polariza-

tion , although relatively small , is opposite in direction to the 3d-like

contribution , in good agreement with neutron diffraction measurements

[41].

(5) The spin densities along the [100] directIons of the Fe9 and Fe15 clusters ,

corresponding to the direction of easy magnetization in crystalline a-

i ron, are significantly larger than the spin densities along the [111)

d irections , due to the greater concentration of spin density In the
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orbitals than in the t29 orbitals. Th is result is in excel lent quantita-

tive agreement with neutron diffraction data [41] and provides a “real-

space” interpretation of the latter.

(6) The transition from ferromagnetism to paramagnetism in crystalline a- —‘

i ron around the Curie temperature can be explained within the framework

of the Fe15 cluster model in terms of thermally induced long-range

disordering of spin clusters and localized exci tations of elec trons

within each cluster from the “spin-down ” orbitals at the Fermi energy

to the unoccupied 7t29+ and 6egt orbitals lying just above the Fermi

energy (see Fig. 7). The small increase of net magnetic moment of each

cluster arising from the thermally induced depletion of minority-spin

orbitals and population of majority-spin orbitals is consistent wi th

neutron diffraction measurements in the vicinity of the Curie temperature.

This is the first such explanation of a magnetic phase transition and

lies beyond the scopes of conventional band theory and molecular-field

theory.

A more detai led d i scuss ion of the relationsh ips between these cluster

calculations and the physical properties of crystalline a-iron will be the

subj ect of a forthcoming paper [42], including a study of the effects of differ-

ent boundary conditions on the clusters , a comparison of cluster and bulk

densities of states, and calcula tions of the He isenberg exchange integral and

Curie temperature via Slater ’s [6] transition-state description of localized

spin exc i tations. It is important here to underscore the fact that, despite

the finite molecular nature of the clusters and the appearance of certain

“surface—related” features of the cluster electronic structures (see below),

the spin-polarized SCF-Xa results for the bcc Fe9 and Fe15 clusters provide

a remarkably successful model for the electronic and magnetic properties of

crystalline ct-iron . Similar theoretical studies have been made for cubo-

octahedral Fe 13 clusters representing fcc crystalline y-iron [38]. The above
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results , along with SCF-Xct cluster models (containing up to 44 atoms) for

crystalline aluminum and chemisorption thereon [43], contradict the work of

van Dyke [44] who concludes that such cl uster calculations do not yield an

adequately converged descri ption of the properties of crystalline metals.

We can benefit by the large effective surfaces presented by the Fe9 and

Fe15 clusters to discuss the surface reactivity of iron , as has already been

done for nickel , palladium , and platinum in Ref. [4] and in the preceding

section of this paper. Among the manifol ds of densely spaced d-orbital energies

for the Fe9 and Fe15 clusters (see Figs. 6 and 7) are levels which correspond

to antibonding spin orbitals primarily localized on and spatially oriented

away from the cluster boundaries or “surfaces,” especial ly in the vicinity of

the Fermi energy in the minority -spin d-manifold. Many of these spin orbitals

have the proper spatial character for symmetry-conserving [11] overlap with

the orbitals of certain reactant molecules. Moreover, the spin polarization

raises the minority -spin orbitals to higher energies in comparison with the

non-spin-polarized limit , effectively reducing the orbita l electronegativity

and facilitating overlap of the highest occupied i ron surface spin orbitals

with the lowest unoccupied or partially occupied orbitals of reactant molecules

such as N2, CO. and 02. Since the latter orbitals are antibonding , overlap

and effective electron fl ow from the iron surface spin orbitals to the

unfilled reactant orbitals should promote molecular dissociation , the precursor

to surface reactions of these molecules, such as ammonia synthesis, Fischer-

Tropsch synthesis , and surface oxidation [23]. This argument is clarified by

the direct comparison of representative Fe9 cluster spin-orbital energies wi th

the orbital energies of N2, CO , and 02 in Fig. 8, which is equivalent to

comparing orbital electronegativities as discussed in Section II. Also included

for comparison are the SCF-Xc* orbi tal energies of a Pt13 cluster previously

shown to exhibit many of the characteristics of the bulk and surface electronic



-26-

structures of crystalline platinum or small particles thereof [4]. In

contrast to iron , there is no magnetic spin polarization in the platinum

cluster , corresponding to the nonmagnetic character of bulk platinum , and

the high density of d-orbitals around the Fermi level is poorly matched in

energy and orbital electronegativity to the lowest unoccupied N2 and CO

orbitals. This result is consistent with the experimental fact that platinum

is significantly less active than iron in promoting N2 or CO dissociation and

in catalyzing ammonia or Fischer-Tropsch synthesis [15,23]. Nickel is also

magnetic , but the spin polarization of the d—orbitals is not large enough to

yield a density of states around the Fermi level which is as well matched in

energy and spin-orbital electronegativity to the lowest unoccupied orbitals

of N2 or CO as in the case of iron. Th is compar ison i s made in F ig. 9 and is

consistent with the fact that nickel is a poor amonia synthesis catalyst and

is less active than iron in promoting Fischer-Tropsch synthesis [15,23]. With

respect to the latter class of reactions , nickel is used mainly as a methana—

tion catalyst [15]. The fact that iron is more readily oxidized than platinum

is explained by the relative differences of the corresponding orbita l energies

and electronegativities with respect to the partially occupied antibonding

orbital of 02, as shown in Fig. 8.

In an attempt to elucidate further the mechanism of ammonia synthesis on

iron surfaces , Yang [38] has constructed cluster models for the so—cal led C7

active site , present on the (111) plane of bcc iron [37], and for a surface

nitride of the type which may be formed after the rate-limiting step of N2

dissociation . In Fig. 10, the Xct spin-polari zed orbita l energies of an

Fe9N6 cluster representing a face-centered surface nitride are compared with

the orbital energies of the pure Fe9 clus ter. The distinguishing feature

of the nitride electronic structure is a relatively narrow band of N 2p-like

levels near the bottom of the Fe d-band , as indicated in FIg. 10, a result



-27-

which is confirmed by recently measured photoemission spectra for nitrogen

chemisorbed on iron [40). A detailed comparison of the Fe9N6 and Fe9
electronic structures, along with the measured change in work function of

i ron upon nitrogen chemisorption [40], suggests some electronic charge

transfer from i ron to nitrogen in the formation of the surface nitride. The

effective negative charge on the surface nitrogen atoms, together with the

close matching of the nitride and H is orbital energies and electro—

negativities , should facilitate protonation of the nitrogen atoms, the formation

of N-H bonds , and ultimately ammonia synthesis.

A similar argument appl ied to the interaction of CO with iron leads one

to conclude that a surface iron carbide , formed from the dissociation of CO

on the i ron surface, could facilitate protonation of the surface carbon

atoms, the formation of C-H bonds , and the Fischer-Tropsch synthesis of

hydrocarbons. There is already evidence that iron carbide will catalyze

Fischer-Tropsch synthesis [23]. A theoretical study of this surface reaction

is in progress at M.I.T., as are studies of the reactivity of N2 on ruthenium

and osmium, the second- and third-row transition metals which are good

catalysts for ammonia synthesis.
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FIGURE CAPTIO NS

Figure 1. SC1-X~ orbi tal energies for coordinatively unsaturated transition-

metal complexes representing low-coordination transition—metal

sites and dissociative hydrogen chemisorption thereon. The highest

occupied orbital is indicated by the ‘Fermi level” CF.

Figure 2. Contour maps of the principal bondi ng and antibonding molecular—

orbi tal wavefunctions corresponding to the orbital energies of

the L2MH2 complex shown in Fig. 1.

Figure 3. Possible reaction path for the hydrogenation of acetylene at a

coordinatively unsaturated transition-metal site.

Figure 4. Relativistic SCF-Xa orbital energies of tetrahedral Group-VIZ!

transition-metal clusters with and without interstitial atomic

hydrogen.

Figure 5. Contour map for the a1 bond ing orbital of the Pd4H cluster.

Figure 6. SpIn-polarized SCF-Xci orbita l energies of a 9-atom bcc iron

clus ter.

Figure 7. Spin-polarized SCF-Xa orbital energies of a 15-atom bcc iron

cluster.

Figure 8. Comparison of the SCF-Xci orbital energies of the Fe9 and Pt13
clusters with those of the N2, CO, and 02 molecules .

Figure 9. Comparison of the SCF-Xa orbital energies of the Fe9 and Ni 13
clusters with those of the N2 and CO molecules.

Figure 10. Comparison of the SCF—Xa orbital energies of an Fe9N6 cluster

representing a “surface iron nitride” with the orbital energies

of an Fe9 cluster representing pure iron and with the orbital

energies of atomic hydrogen and nitrogen.
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